Primordial magnetic fields (PMFs), which were generated in the early Universe before recombination, affect the motion of plasma and then the cosmic microwave background and the matter power spectrum. We consider constraints on PMFs with a characteristic correlation length from the observations of the anisotropies of the cosmic microwave background and the matter power spectrum. The spectrum of PMFs is modeled with multi-lognormal distributions, rather than power-law distribution, and we derive constraints on the strength |B k | at each wave number k along with the standard cosmological parameters in the flat Universe and the foreground sources. We obtain upper bounds on the field strengths at k = 10 −1 , 10 −2 , 10 −4 , and 10 −5 Mpc −1 as 4.7 nG, 2.1 nG, 5.3 nG, and 10.9 nG (2σ C.L.) respectively, while the field strength at k = 10 −3 Mpc −1 turns out to have a finite value as |B k=10 −3 | = 6.2 ± 1.3 nG (1σ C.L.). This finite value is attributed to the finite values of BB mode data at ℓ > 300 obtained from the QUAD experiment. If we do not include the BB mode data, we obtain only the upper bound on B k=10 −3 . * yamazaki.dai@nao.ac.jp 2
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I. INTRODUCTION
From discoveries of magnetic fields in clusters of galaxies [1] [2] [3] [4] , many authors have studied cosmological magnetic fields. The origins of primordial magnetic fields (PMFs) have been studied by many authors [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . PMFs may manifest themselves in the temperature and polarization anisotropies of the cosmic microwave background (CMB) , the large-scale structure [45] [46] [47] [48] , and other physical phenomena [49] [50] [51] [52] [53] [54] [55] [56] [57] . The effects of PMFs on physics in the early Universe and constraints on the PMFs from the cosmological observations are well-investigated topics.
A power-law spectrum has often been considered for the study of PMFs in the literature (see Refs. [15, 43, 53, 57] and references therein) because it is expected for PMFs generated by inflation. On the other hand, causal processes such as bubble collisions during phase transition would generate PMFs with a characteristic scale. To study such PMFs, in our previous work [58] , we considered PMFs with a lognormal distribution (LND), which is parametrized by the characteristic wave number k, the field strength at the wave number |B k | and the width σ M of the spectrum. We derived constraints on the parameters from the observations of anisotropies of the CMB fixing cosmological parameters to the WMAP best-fit values. This type of PMF spectrum is also useful to study which scale of PMFs mainly affects the CMB.
Recently, ACT [59] and SPT [60] projects published more precise results of the CMB observations on small scales with ℓ > 1000. Because the effect of PMFs is relatively strong at smaller scales (see Refs. [15, 43, 53, 57] and references therein), constraints on PMFs are expected to become stronger with these data. However, since the Sunyaev-Zel'dovich (SZ) effect by galaxy clusters and emissions from radio galaxies also contributes to the anisotropies of the CMB on these scales, the PMF parameters would have degeneracies with the amplitudes of these foreground effects. Therefore, in this paper, extending our previous work, we derive constraints on the PMF parameters varying cosmological and foreground parameters as well, to obtain more reliable constraints from the CMB and the matter power spectrum (MPS) observations. We also consider, as the spectrum of the PMFs, a multi-lognormal distribution with five characteristic wave numbers.
We introduce the effects of the PMFs on the CMB and the MPS in Sec. 2. In Sec. 3 we illustrate the constraint on |B k=10 n | at each k M from the CMB and the MPS and discuss the degeneracies between the constrained |B k=10 n | and cosmological parameters. We summarize our results and describe future plans in Sec. 4.
II. MODEL AND METHOD
In this section, we show how to consider the effects of the PMF on the CMB and MPS. Before the recombination of protons and electrons, ionized baryons are directly affected by the PMF through the Lorentz force. Since the photons and the baryons are tightly coupled before the last scattering of photons, the PMF indirectly affects the photons. Also, the PMFs indirectly affect the cold dark matter (CDM) through gravitational interaction. We have an assumption that the PMF is produced at some time during the radiation-dominated era. Since the cosmological magnetic fields are observed with amplitudes of the orders of 1-10 nG, we also assume that the field strengths of the PMFs, |B k=10 n |s, are less than 10 nG. In this case, since |B k=10 n |s are the average strength of the PMFs and the energy density of the PMFs (|B k=10 n | = 10nG) 2 /(8π) ∼ 10 −5 × ρ γ ) is much smaller than that of the background photons, we can treat the PMF energy density as a first-order perturbation with the flat Friedmann-Robertson-Walker as the background spacetime, and all of the back reactions from the fluid to the PMF can be neglected (see Ref. [18] for details).
We modify the CAMB code [61] , taking into consideration the PMF effects. We use the adiabatic initial condition for the time evolution of the CMB and the MPS with the PMFs. Details of these are summarized in Ref. [58] . We use the spectrum of the PMFs as
where k M is the characteristic scale depending on the PMF generation model and σ M is the scale parameter. The detailed mathematical description of this spectrum is also defined in Ref. [58] . Since our goal is qualitatively understanding how the PMFs are limited scale by scale, for simplicity, we fix the scale parameter at σ M = 1. In this paper, we limit the PMF strengths for each characteristic scale together with the other cosmological parameters from the CMB and the MPS using a Markov chain Monte Carlo (MCMC) method [62] . We constrain five strengths of the PMF at log 10 6.102
6.179 ± 1.312 6.728
1.766 is the spectral index of the primordial scalar fluctuations, A s is the amplitude of primordial scalar fluctuations, A t is the amplitude of the primordial tensor fluctuations, A LEN is the amplitude of the weak lensing, A CL and A PS are the amplitudes of cluster point sources and Poisson point sources at ℓ = 3000, and A SZ X is the SZ effect amplitudes in observations (X), which are denoted with subscripts WMAP (MAP) [63] , ACBAR (ACB) [64] , QUAD (QUD) [65] , ACT [59] , and SPT [60] . Note that each SZ spectrum model is published in LAMBDA [66], which is the spectrum based on Ref. [67] . We fix the spectral index of the primordial tensor fluctuations as n t = −(A s /A t )/8. For all the cosmological parameters, we use the same priors as those adopted in the WMAP analysis [63] . We use the CMB and the MPS observation data sets as follows: WMAP [63] , ACBAR [64] , QUAD [65] , ACT [59] , SPT [60] , SDSS [68] .
III. RESULTS AND DISCUSSIONS
Our MCMC algorithm is performed until all of the parameters including the PMF strengths are well converged to the values listed in Table 1 . We find that the minimum total χ 2 improves from 12563.2 to 12554.9 by introducing the PMFs. As we see below, this improvement mainly comes from the finite B mode spectrum at k = 10 −3 Mpc −1 in the QUAD experiment. Figure 1 shows the probability distribution functions of PMF strengths obtained by our MCMC analysis. For the strengths except the one at k = 10 −3 Mpc −1 , upper bounds are obtained at 2σ as follows: 
On the other hand, for the strength at k = 10 −3 Mpc −1 , a nonzero value is favored at more than 2.5σ:
4.867 nG < |B k=10 −3 | < 7.491 nG (1σ).
In Fig. 1 , the probability distribution functions obtained without CMB BB modes (curl-type polarization fluctuations) are also shown. We can see, in this case, that the lower bound of the PMF strength at k = 10 −3 Mpc −1 disappears. Thus, the nonzero value is favored by the BB mode data. We shall explain and discuss these results below. Figures 2 and 3 show the CMB temperature spectra and the MPS calculated with the best-fit parameters obtained above. We find the CMB temperature anisotropies due to the PMFs is a few percent of the primary fluctuations with foreground sources (lensing, CL, PS, and SZ effects) around the peaks and are comparable with the primary and foreground spectrum on ℓ < 1700. On the other hand, the contribution of PMFs to MPS is at most 0.05% of the primary fluctuations. Actually, constraints on the PMF strengths mainly come from the CMB data.
If the amplitudes of CMB spectra from the PMFs except k = 10 −3 Mpc −1 are comparable to the amplitude of the primary spectrum, the shape of the total spectrum of CMB (LND + primary) differs substantially from the observation results [58] . On the other hand, from Fig. 2 and Ref. [58] , the peak of the CMB spectrum from the PMFs at k = 10 −3 Mpc −1 is located on 200 < ℓ < 300, and this spectrum around the peak has a similar slope to the observed one. Therefore, only the PMFs at k = 10 −3 Mpc −1 can refine the TT CMB spectrum. The margins of errors of the observation on 300 < ℓ < 1700 are comparable in the differences between the theoretical CMB with the PMFs and the primary ones (without the PMFs). Therefore, the amplitude of the PMF is mainly constrained by the observational data on 300 < ℓ < 1700.
From Fig. 4 , the effect of the PMFs, which is dominated by the LND-PMF spectrum at k = 10 −3 Mpc −1 , is not dominant on ℓ > 2000, while the SZ effects and the point source contribution from clusters and radio galaxies dominant on these scale. Therefore, the PMFs do not have degeneracies with foreground components [69] .
The most striking effect of PMFs can be seen in the BB mode spectrum. Figure 5 illustrates a comparison between the BB mode spectra with and without the best-fit LND-PMF spectrum. From this figure, we find that the BB mode spectrum with best-fit parameters is dominated by the PMF at small scales, and the BB mode data obtaind by the QUAD experiment is fitted better with the PMF than without it. This is why the nonzero PMF strength is favored when adding BB mode data as seen in Fig. 1 . However, it should be noted that the current BB mode observations would have relatively large systematic and observational errors. Thus, although we need more precise observations of BB modes by future projects such as Planck and POLARBEAR to obtain a more solid conclusion, the current data imply the excess amplitude in BB mode, which can be well explained by the existence of PMF with a characteristic wave number of k = 10 −3 Mpc −1 . Finally, let us argue the degeneracies between the PMF strength and other parameters. Figure 6 shows that the PMF strength at k = 10 −3 Mpc −1 has small degeneracies with Ω b and θ. The amplitude around the second peak of the temperature fluctuations of the CMB decreases with increasing Ω b . The amplitude on ℓ < 300 also decreases with increasing θ. On the other hand, the PMFs increase the amplitude of the temperature fluctuations of the CMB. Therefore, the effects of Ω b and θ compensate for the effects of the PMF on the temperature fluctuations of the CMB on ℓ < 300.
We also find that the PMF strength has small negative correlations with the weak lensing effects (A len ) and the scalar amplitude (A s ) as shown in Fig. 6 . The amplitude of the temperature fluctuations of the CMB increases with increasing A s and the PMF strength. In fact, from Fig. 4 , we find that the contributions of the PMFs to the temperature fluctuations of the CMB on ℓ < 1000 are comparable in magnitude to the contributions of the scalar amplitude (A s ). The polarization isotropies of the CMB (the BB mode) also increase with increasing A len and the PMF strength. We find that the contributions of the PMF to the BB mode of the CMB on ℓ < 1000 (Fig. 5) are comparable in magnitude to the contributions of the weak lensing effects (A len ).
IV. SUMMARY
In this paper, we put constraints on PMFs with characteristic scales, which could be generated by causal mechanisms in the early Universe. Extending our previous work [58] , we vary the PMF strengths of five wave numbers simultaneously with standard cosmological and foreground parameters to fit the CMB and MPS data. We obtained upper bounds on the PMF strengths as 
Also we obtained a finite value for the PMF with k = 10 −3 Mpc −1 as 4.867 nG < |B k=10 −3 | < 7.491 nG (1σ) at k = 10 −3 Mpc −1 .
The value of |B k=10 −3 | is nonzero at more than 2.5σ significance. This is attributed to the BB mode data from the QUAD experiment and adding the PMF at this scale reduces the total chi-squared value by about 8.3.
Since the current BB mode data have relatively large errors, we must wait for the future observations to obtain more robust conclusion. The non-Gaussianity in the fluctuations is another way to identify the PMFs. The prediction of non-Gaussianity generated by the PMF indicated in this paper will be presented elsewhere in near future. 
